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Effects of arteriovenous fistulas on cardiac oxygen supply and heart failure and high-flow fistulas improved after liga-
demand. tion of the fistula [2, 3]. However, apart from increasing
Background. Arteriovenous (AV) fistulas used for hemodi- the volume load, AV fistulas also cause a decrease inalysis access may affect cardiac load by increasing the preload
systemic vascular resistance (SVR) [4–9]. This decreasewhile decreasing the afterload. In dogs, AV fistulas have also
in SVR may compensate for the negative effects of thebeen shown to affect coronary perfusion negatively. We investi-
gated the net effect of AV fistulas on cardiac oxygen supply volume load [4, 10].
and demand. Arteriovenous fistulas may also affect coronary perfu-
Methods. Aortic pressure waves were reconstructed from sion. In dogs, high-flow AV fistulas have been shown tofinger pressure recordings obtained on the nonfistula arm using
decrease coronary perfusion, especially in the subendo-a wave-form filter. Changes in systolic, mean, and diastolic
cardial region. The decreased coronary perfusion wasaortic pressure were calculated, together with changes in heart
rate (HR), stroke volume (SV), cardiac output (CO), and sys- caused by a decrease in diastolic pressure and a shorten-
temic vascular resistance (SVR) during a 60-second compres- ing of the diastolic period [8, 9]. The balance between
sion of AV fistulas in 10 patients. Changes in cardiac supply
cardiac oxygen supply and demand was thus negativelyand demand were estimated by calculating the area under the
affected by AV fistulas.aortic pressure curve during diastole [diastolic pressure time
index (DPTI)] and systole [systolic pressure time index (SPTI)], Therefore, it is of great importance to investigate
respectively. whether the decreased supply/demand ratio is also found
Results. During fistula compression, systolic, mean and dia- in patients. From previously published finger pressurestolic pressure increased by 4.2 6 4.3, 2.6 6 3.0, and 2.8 6 2.9
recordings during short-term fistula compression [4], wemm Hg (mean 6 sd, all P , 0.05). The HR decreased by 3.8 6
reconstructed aortic pressure [11–13]. The possible ef-2.5 beats per minute (P , 0.01), and SV decreased 3.7 6 6.1%
(NS). CO decreased 9.4 6 8.6%, and SVR increased 14.3 6 fects on coronary perfusion, or cardiac oxygen supply,
11.7% (both P , 0.05). The SPTI increased by 1.5 6 1.5 mm were estimated by calculating the diastolic pressure time
Hg · sec (P , 0.01), and the DPTI increased by 7.6 6 8.1 mm
index (DPTI), which has been shown to be related toHg · sec (14.8% increase, P , 0.05) during compression. The
coronary supply [8, 9, 14]. Cardiac oxygen demand wasratio of supply and demand (DPTI/SPTI) improved by 13.5 6
13.0% (P , 0.01) when the fistula was compressed. estimated with the systolic pressure time index (SPTI),
Conclusion. AV fistulas have a small effect on left ventricular which has been shown to be related to cardiac oxygen
oxygen demand, but decrease cardiac oxygen supply consider- consumption [8, 9, 14, 15]. The balance between oxygen
ably.
supply and demand is represented by the ratio of DPTI/
SPTI [14].
Arteriovenous (AV) fistulas, used for hemodialysis
access, have caused left ventricular failure by imposing METHODS
an extra volume load on the left ventricle [1, 2]. Many Patients
case reports have been published in which patients with
The measurements were performed in 10 subjects (9
males, 1 female, aged 26 to 70) with a functioning kidney
graft (graft age, 7 months to 9 years). Before receivingKey words: hemodialysis access, coronary perfusion, aortic pressure,
systemic vascular resistance, cardiac output, blood pressure. the kidney graft, the patients had been treated with he-
modialysis for 1.8 years (range 2 months to 5 years). AllReceived for publication October 19, 1998
subjects had a functioning end to side native AV fistulaand in revised form December 15, 1998
Accepted for publication December 30, 1998 at the wrist (fistula age, 10 months to 14 years). None
of the patients had ever had a fistula on the contralateral 1999 by the International Society of Nephrology
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Table 1. Changes during fistula compressionarm. All subjects used immunosuppressive drugs (pred-
nisone and cyclosporine A or azathioprine) and one or Fistula open Fistula closed
more antihypertensive drugs (7 patients were treated Aortic pressure
Systolic mm Hg 118.6618.9 122.9619.8awith a calcium entry blocker, 5 with a b-blocking agent, 2
Mean mm Hg 90.0614.8 92.7614.5awith an angiotensin-converting enzyme inhibitor, 2 with
Diastolic mm Hg 68.2614.8 71.0614.1a
diuretics, and 2 with nitrates). For safety reasons, medi- Heart rate min 66.9613.7 63.2614.1b
Ejection time msecond 333.0627.5 335.5626.2cation was not interrupted for this study. All patients
Systolic time % 36.465.2 34.665.7bgave their informed consent to participate in this study,
Stroke volume % 100 96.366.1
which was approved by the ethical committee of the Cardiac output % 100 90.768.6a
Systemic vascular resistance % 100 114.3611.7aUniversity Hospital Rotterdam.
Cardiac oxygen supply
DPTI per beat mm Hg·second 51.6626.0 59.2632.4aNoninvasive finger pressure measurement
DPTI per min mm Hg·second/min 31616833 33626375b
Cardiac oxygen demandFinger pressure was measured on the middle finger of
STPI per beat mm Hg·second 34.866.3 36.366.8bthe nonfistula arm with Finapres (TNO model 5 and
SPTI per min mm Hg·second/min 22706374 22276375
Ohmeda 2300e; Ohmeda, Louisville, CO, USA) [16]. Supply/demand
DPTI/SPTI 1.42660.482 1.56160.566b
Procedures Data are mean 6 sd. SV, CO and SVR are given in % relative to baseline
values. SPTI, systolic pressure time index; DPTI, diastolic pressure time index;After stabilization of the finger pressure signal and a
SV, stroke volume; CO, cardiac output; SVR, systemic vascular resistance.
60-second control period, the fistula was manually com- a P , 0.05, b P , 0.01 by paired t-test
pressed for 60 seconds while the patients were in the
supine position. Two of these procedures were performed
and marked with an electronic time marker. mate the effect on cardiac oxygen demand, we calculated
the area under the systolic part of the aortic pressureData analysis
curve, which was the SPTI in mm Hg · second [8, 9, 14,
Finger pressure and the time marker were immedi- 15]. SPTI was also calculated per minute by multiplying
ately A/D converted with a sampling rate of 100 Hz SPTI and HR [8, 9, 15]. Finally, the DPTI/SPTI ratio was
and stored in a personal computer. Using a generalized calculated [14]. For all parameters, the average values for
transfer function, the aortic pressure waves were recon- the control and compression periods were calculated.
structed from finger pressure waves [13]. The transfer
function compensated for the physiological wave distor- Statistics
tion of pressure waves traveling toward the periphery All parameters were tested to have a normal distribu-
by attenuating high-frequency components while slightly tion. Results are expressed as mean 6 sd. A paired t-test
amplifying low-frequency components. This transfer was used to test the significance of changes during shunt
function from finger to aorta was developed in 10 pa- compression. Correlation coefficients were calculated to
tients by adding a brachial artery–aorta transfer function establish the relationship between changes in different
to the previously published finger to brachial artery parameters.
transfer function [11, 17]. As expected, the resulting
transfer function closely resembled the published trans-
RESULTSfer functions from finger or radial artery to aorta, with
a maximal attenuation at 4 Hz [12, 13]. The hemodynamic effects of fistula compression are
Beat to beat values of systolic (Psys), mean (Pmean), summarized in Table 1. During fistula compression Psys,
and diastolic (Pdia) aortic pressure in mm Hg, heart rate Pmean, and Pdia increased by 4.2 6 4.3, 2.6 6 3.0, and
(HR; in beats per minute), and interbeat interval (IBI; 2.8 6 2.9 mm Hg (all P , 0.05), respectively. HR de-
in seconds) were calculated. Modelflow-derived changes creased by 3.8 6 2.5 beats per minute (P , 0.01). IBI
[18] in stroke volume (SV), cardiac output (CO), and increased by 66 6 60 msecond (P , 0.01). SV did not
SVR were calculated from the reconstructed aortic pres- change significantly, while CO decreased 9.4 6 8.6% (P ,
sure. Because the latter three parameters were not indi- 0.05), and SVR increased 14.3 6 11.7% (P , 0.05). The
vidually calibrated, the relative changes from control ejection time did not change but was reduced 2% relative
values are given. After detection of the incisura, the to the increased cycle length (P , 0.05). DPTI per beat
ejection time was calculated in milliseconds and also as increased during compression by 7.6 6 8.1 mm Hg (P ,
a percentage relative to the cardiac cycle length. To 0.05), DPTI per minute by 200.7 6 187.5 mm Hg/min
estimate the effect on cardiac oxygen supply, we calcu- (P , 0.01). The SPTI increased by 1.5 6 1.5 mm Hg
lated the area under the diastolic part of the aortic pres- (P , 0.05). However, the cardiac demand per minute
sure curve. This was the DPTI in mm Hg · second, which did not change. The DPTI/SPTI ratio increased during
compression by 13.5 6 13.0% (P , 0.01).was calculated per beat and per minute [8, 14]. To esti-
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Fig. 2. Change in DPTI/SPTI ratio during fistula compression in rela-
tion to changes in cardiac output (CO). The decrease in CO during shunt
compression is used as a substitute for fistula flow. The improvement in
DPTI/SPTI ratio, representing a measure for cardiac oxygen supply in
relation to demand, during shunt compression is related to the decrease
in CO (r 2 5 0.75).
the presence of a functioning shunt (Fig. 1A). However,
the cardiac oxygen demand per minute did not change
because fistula compression also resulted in a lower HR.
Apparently the increase in oxygen demand imposed by
the increased volume load in the presence of an AV
fistula was compensated by the decrease in afterload.
The net effect on the left ventricular load by opposing
Fig. 1. An explanation of the increase in systolic pressure time index changes in CO and SVR was not significant. This is in
(SPTI) and diastolic pressure time index (DPTI) during fistula compres-
agreement with echocardiographic and cardiac-catheter-sion. The increase in cardiac oxygen demand per beat, as expressed by
the SPTI, is best explained by the increase in systolic pressure (r 2 5 0.86; ization studies in which either the short-term or the long-
A). The increase in the DPTI, which correlates to oxygen supply, is term effects of AV fistulas were studied [5, 6, 10].
closely correlated to the increase in interbeat interval (IBI, r 2 5 0.94; B).
Although the cardiac oxygen demand does not change,
cardiac oxygen supply might be compromised by AV
fistulas. Buckberg et al’s studies in 20 to 25 kg dogs
with AV fistulas with flows up to 2 liter/min showed aThe increase in SPTI was closely related to the in-
decreased coronary perfusion, especially in the subendo-crease in Psys (r 2 5 0.86, P , 0.01; Fig. 1A), whereas
cardial region, in relation to a decrease in DPTI [8, 9].the increase in DPTI mainly related to the increase in
Using similar techniques, we were able to show a de-IBI (r 2 5 0.94, P , 0.01; Fig. 1B).
crease in DPTI in our study subjects. The DPTI we usedThe decrease in CO did not correlate with the change
overestimated the actual diastolic driving force, as thein SPTI (r 2 5 0.03). However, the correlations between
left ventricular diastolic pressure, which might be ele-the changes in CO and the changes in DPTI (r 2 5 0.46,
vated in patients with end-stage renal disease (ESRD)P , 0.05) and the ratio DPTI/SPTI (r 2 5 0.75, P , 0.01;
[6], was not, as Buckberg et al originally described, sub-Fig. 2) were significant.
tracted from the aortic pressure [8, 9]. Thus, oxygen
supply is probably even smaller than calculated here.
DISCUSSION Contrary to Buckberg et al’s results in dogs with high
fistula flow (2 liter/min, in 25 kg dogs), the decrease inArteriovenous fistulas used for hemodialysis access
may have profound hemodynamic effects. Both positive DPTI was mainly caused by a decrease in IBI (Fig. 2),
not by a decrease in diastolic pressure [8, 9]. Becauseand negative net effects on the heart have been described
[1, 5–9]. In this study, we were able to estimate the net the DPTI is lower in the presence of an open AV fistula,
the coronary oxygen supply, especially in the subendo-effect on left ventricular oxygen supply and demand.
During fistula compression, the SPTI per beat increased, cardial region, might be compromised in the presence
of an AV fistula.suggesting a decreased cardiac oxygen demand per beat
in the presence of a functioning AV fistula. This decrease The parameter used to estimate effects on cardiac
oxygen supply in relationship to cardiac oxygen demandis mainly caused by the lower systolic blood pressure in
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(DPTI/SPTI) is also negatively influenced by a fistula. increase in the DPTI/SPTI ratio because of the effect of
fistula compression on the venous return.These negative effects are larger in subjects with hemo-
dynamically more important fistulas, as shown by the In this study, we investigated the acute hemodynamic
effects of AV fistulas. The long-term effects of AV fistu-correlation between change in CO and the change in
DPTI/SPTI ratio (r 2 5 0.75; Fig. 2). We used changes in las were not studied. In subjects with normal renal func-
tion, volume retention has been described [22]. However,CO as a substitute for fistula flow because changes in CO
on fistula compression have been shown to correlate in subjects with ESRD, the regulation of blood volume
will depend mainly on the efficacy of dialysis treatment.much better to fistula flow than the traditionally used
changes in HR [19]. One study is known in which direct effects during fistula
compression were compared with long-term effects afterSubendocardial perfusion is considered to be ham-
pered if the DPTI/SPTI ratio falls below 0.6 [14]. This ligation of the fistula. The decrease in CO on compres-
sion was quite similar to the decrease in CO after thewas not the case in our study. However, as explained in
a previous paragraph, we overestimated DPTI, and thus removal of the fistula [23]. This reassures that shunt
compression is an adequate model to study the hemody-the DPTI/SPTI ratio. Furthermore, the critical DPTI/
SPTI ratio is likely to be much higher in subjects with namic effects of AV fistulas.
An issue of debate might be the use of finger pressureESRD. In those patients, the prevalence of left ventricu-
lar hypertrophy (LVH) and coronary artery disease is measurements in combination with a generalized wave-
form filter to estimate the aortic pressure [13]. On its wayhigh (76 and 22%, respectively) [20]. Their hearts are
characterized by extensive interstitial fibrosis [20]. Fur- to the periphery, the systolic part of pressure waves is
amplified. Changes in HR cause further changes in pres-thermore, coronary artery stenoses decrease the actual
perfusion pressure in the coronary vascular bed [14], sure amplification [24], making calculations of the SPTI
in peripheral pressure waves less meaningful. However,whereas LVH and interstitial fibrosis increase the resis-
tance to flow while decreasing the vasodilatory reserve generalized wave-form filters correct for such a pulse
wave amplification [11, 12, 13, 17]. The aortic pressure[1, 20]. Thus, the supply of oxygen might be diminished
in patients with ESRD, whereas the demand is generally levels presented in this study therefore differ from the
increased because of LVH [1]. Any further deterioration finger pressure levels in the same subjects, as published
of the supply/demand ratio might thus be of clinical sig- previously [4]. In this study, we were not able to correct
nificance. It should be noted that the net effect of short- for any gradient in the mean pressure present between
term fistula occlusion may depend in part upon the long- the aorta and finger. In patients with renal failure, such
term impact of AV fistulas on the heart because the differences in pressure level might be present, as in older
presence of AV fistulas is one of the factors that may patients and in subjects with atherosclerotic disease [25,
affect cardiac geometry [1–3]. 26]. We do not expect that uncorrected pressure gradi-
Furthermore, we performed this study in successfully ents would significantly affect our results. Even in those
transplanted patients, not in hemodialysis patients. subjects in whom the absolute pressure level at the finger
There is no reason to believe that the flow through func- was lower than more centrally measured pressures,
tioning AV fistulas is different in dialysis and trans- changes in these central pressures are tracked reliably
plantation patients. The hemodynamic response might by Finapres [16, 25, 26]. Thus, an underestimation of
differ slightly because of autonomic neuropathy, which the absolute aortic pressure level in the subjects studied
is present more often in dialyzed than in transplanted might be expected to affect measurements during the
patients [21]. The decrease in HR on compression might control period and during fistula compression to the
be less pronounced especially in patients with autonomic same extent. Even if it was the case that the pressure
neuropathy. However, the increase of the length of the response was underestimated at the finger, the general
diastolic period, and thus the increase in DPTI, during conclusion of our study would be strengthened. If the
fistula compression is not only caused by the decrease pressure response during fistula compression would be
in HR. An increase in the systolic time would have been underestimated, the rise in DPTI would be more affected
expected if the HR decreased without a change in venous than the rise in SPTI because of the fact that the diastolic
return. The observed relative shortening of the systolic period is longer than the systolic period.
time and the lengthening of the diastolic time can only In conclusion, AV fistulas have a small effect on left
be explained by a decrease in venous return, caused by ventricular demand but considerably decrease cardiac
compression of the fistula. Lengthening of the diastolic oxygen supply.
period, and thus an increase of the DPTI, was indeed
observed in seven out of eight patients in whom the ACKNOWLEDGMENTS
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